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cm). Aggregates were grouped  into  large macro-aggregates  (5–2 mm),  small macro-aggregates 
(2–0.25 mm), micro-aggregates  (0.25–0.053 mm) and silt + clay  (<0.053 mm). Biochar,  straw, 
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and  Joseph 2009)  as well  as  soil  productivity  (Biederman and Harpole 2013, 
Qian et al. 2015). 




ing  processes,  and  tillage  (USDA  2008,  Papadopoulos  2009). Wet  aggregate 
stability suggests how well a soil can resist raindrop impact and water erosion, 
while  size  distribution  of  dry  aggregates  can  be  used  to  predict  resistance  to 
abrasion  and wind  erosion  (USDA 2008).  Soil  structure  affects  a wide  range 
of  soil  properties,  including  soil  porosity,  compactability  and water  retention 
(Cheng et al. 2015, Regelink et al. 2015). Incorporation of biochar into soil can 
lead to an improvement in soil aggregate stability (Liu et al. 2014, Zhang et al. 
2015, Obia  et al.  2016)  by  increasing  exchangeable  cation  status  of  the  soil, 














ferences  in  their  composition  (e.g. C/N  ratio,  amount  of  low molecular  com-
pounds) (Helfrich et al. 2008, Le Guillou et al. 2012) and also provide substrate 
for microorganisms  (An et al.  2015, Poirier et al.  2014). Soil  organic  carbon 
which  is  the metabolic  product  of microorganisms  is  stored  in  different  frac-
tions  of  soil  aggregates  or  attached  on  clay  particles  during  the  processes  of 
organic transformation and aggregate formation (Guggenberger et al. 1995, Six 
et al. 2004). Guan et al. (2015) and Hao et al. (2013) also reported that addi-
tion of crop  residue  to  soil could alter  the distribution of organic C  in aggre-
gates and increase the TOC content in aggregates, especially in macro-aggregate  
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(>250  µm).  The  influence  of  straw, manure  and  biochar  on TOC, MBC  and 




gates  but  little  attention  has  been  given  to  comparing  the  effects  of  biochar 
and other organic amendments on  the field at different soil depths. Therefore, 
the objective of  this  study was  to determine how soil aggregate stability,  size 





Experimental design and treatment
The  experimental  field  was  located  at  Harbin,  Heilongjiang  Province, 
China  (45°41'N,  126°37'E). The  experimental  site  has  a monsoon-influenced, 
humid continental climate. The mean annual temperature is 3.4°C and the annu-
al  precipitation  is  500–600 mm, with 90% of  the precipitation  falling  as  rain 
between April  and September. The  soil used  is  classified as Typic Hapludolls 
(USDA 1999). The  experiment was  laid  out  in  a  randomized  complete  block 




















































Microbial  biomass  carbon  (MBC) was  determined  by Chloroform-Fumi-
gation-Extraction as described by Vance et al.  (1987) from fresh soil samples 
immediately after sampling from the field.
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Statistical analysis
All data collected were subjected to two-way analysis of variance (ANO-
VA) using GenStat Discovery Edition 4 software  in order  to evaluate  the sig-
nificance of  treatment and depth on aggregate MWD, aggregate size distribu-
tion, TOC and MBC. Means were compared using Least Significant Difference 















Note:  CK,  control;  S,  12.5 Mg  ha-1  straw;  B1,  12.5 Mg  ha
-1  biochar;  B2,  25 Mg  ha
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from  straw  (S)  except  at  the  40  cm  soil  depth where  straw was  significantly 
higher (p < 0.05) than SB1 and SB2.




gates.  For  the  large macro-aggregate  (5–2 mm),  significant  difference was  not 






















0–10 CK 4.87 ± 0.25 25.99 ± 10.64 15.21 ± 2.16 6.21 ± 0.63
S 11.50 ± 2.72 45.76 ± 10.24 19.06 ± 3.97 8.59 ± 0.72
B1 6.28 ± 0.84 39.69 ± 5.84 28.14 ± 3.91 14.84 ± 1.32
B2 7.08 ± 0.37 46.11 ± 1.66 27.01 ± 0.94 13.34 ± 1.72
SB1 11.00 ± 2.82 44.58 ± 4.51 22.24 ± 3.81 12.34 ± 0.67
SB2 14.06 ± 1.38 44.21 ± 5.44 22.25 ± 7.97 9.50 ± 3.61
M 14.66 ± 2.92 43.19 ± 6.20 25.49 ± 6.38 9.01 ± 1.06
10–20 CK 4.08 ± 0.77 28.96 ± 3.03 9.45 ± 1.21 7.53 ± 1.39
S 10.63 ± 1.43 43.35 ± 1.84 16.41 ± 5.04 10.86 ± 1.67
B1 13.80 ± 6.08 50.03 ± 3.76 16.10 ± 4.39 8.78 ± 2.86
B2 8.18 ± 0.92 42.75 ± 3.66 14.76 ± 2.17 8.01 ± 0.90
SB1 14.63 ± 1.23 43.31 ± 4.99 13.28 ± 4.07 11.92 ± 1.64
SB2 9.19 ± 1.33 32.73 ± 1.69 14.91 ± 2.24 6.53 ± 1.45
M 11.00 ± 2.03 41.94 ± 5.01 22.74 ± 6.33 7.55 ± 0.74










20–30 CK 8.40 ± 1.57 37.51 ± 2.93 15.54 ± 2.75 4.89 ± 0.75
S 6.19 ± 1.28 35.55 ± 4.35 25.73 ± 11.34 12.15 ± 3.23
B1 6.41 ± 0.94 40.41 ± 6.47 29.91 ± 8.11 12.99 ± 1.25
B2 5.69 ± 0.87 41.08 ± 4.71 25.80 ± 7.63 11.41 ± 1.74
SB1 8.15 ± 1.50 50.59 ± 10.48 24.51 ± 6.09 9.25 ± 1.35
SB2 6.73 ± 0.97 48.36 ± 10.45 15.59 ± 3.31 8.56 ± 0.88
M 8.46 ± 1.63 46.40 ± 1.51 27.80 ± 6.50 10.49 ± 1.98
30–40 CK 5.08 ± 0.75 46.96 ± 10.52 15.21 ± 2.16 6.21 ± 0.63
S 2.25 ± 0.52 46.65 ± 0.47 23.79 ± 1.55 11.46 ± 0.40
B1 2.33 ± 0.21 43.48 ± 5.39 22.81 ± 1.03 14.44 ± 1.32
B2 2.61 ± 0.88 42.78 ± 0.97 18.23 ± 6.01 9.03 ± 0.67
SB1 5.48 ± 0.30 45.18 ± 5.62 21.56 ± 6.71 12.59 ± 0.87
SB2 2.58 ± 0.59 45.18 ± 10.57 20.19 ± 3.98 11.54 ± 0.50
M 4.08 ± 0.46 49.58 ± 3.32 18.55 ± 3.41 8.55 ± 0.81
LSD0.05 D 1.985*** 4.119 3.651** 1.85
T 2.626 5.449* 4.83* 2.447**






***p < 0.001, **p < 0.01, *p < 0.05.




tion  (<0.053 mm). However,  the highest TOC (40.9 g kg-1) was  located  in 5–2 
mm, and the same trend was observed at all soil depths. No significant difference 
was observed among the treatments in each of the aggregate fractions at the 30–40 
cm soil depth. The TOC of  straw and B2  combination  (SB2)  in  the upper  layer 
(0–10  cm)  decreased  from  large macro-aggregate  to  small macro-aggregate  to 
micro-aggregate and then to S + C by 14%, 27% and 40%, respectively. However, 
at the deepest layer (30–40 cm), SB2 decrease in TOC within aggregate fractions 
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Microbial biomass carbon
There were great differences in MBC following the application of biochar, 
straw,  and manure  to  soil  at  different  soil  depths  (Fig.  3). The  highest MBC 
value (600.0 µg g-1) was shown by B1 at the 20–30 cm depth. At depths of 0–10, 















Relationship between MWD and aggregate-associated TOC
At the 10–20 cm soil depth, a non-significant but positive correlation was 
observed  between  the MWD  and  large  and  small macro-aggregates  (Fig.  4). 
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gates  stability  (MWD). This finding  is  in consonance with  the works of  (Sun 
and Lu 2013, Liu et al.  2014, Abdelhafez et al.  2014). Poultry manure  addi-
tion  also  improved  aggregate  stability. This must  have been possible  because 
of  the  inter-layer  cementing  effects  of manure  that  resulted  in  the  consolida-
tion of micro-aggregates into macro-aggregates. Similar results can be found in 
Nyamangara et al. (2001) where manure improved soil structural stability from 
0.243 mm  in  control  to  0.733 mm. Addition  of  organic  amendment  (biochar, 
straw, and manure)  to soil must have  led  to  the release of polysaccharides by 
soil microbes  (predominantly bacteria  and  fungi) which helped  in cementing/
binding the soil particles. Kinsbursky et al. (1989) reported that the effective-
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of macro-aggregates through the actions of fungal hyphae and microbial extra-











of  the  silt  +  clay  fraction was  relatively  lower  than  the macro-aggregate  and 
micro-aggregate fractions most likely due to its smaller particle size.
Biochar, manure,  and  straw  amendments  significantly  increased  the  con-












as  soil  MBC.  The  impact  of  biochar,  straw,  and  manure  incorporation  into 








polar  organic matter  and  nutrients  could  provide  energy  for microorganisms, 
while macro and micropores of biochar, which hold air and water, could likely 
support microorganisms’ livable habitat (Lehmann et al. 2011).
The  relationship  between MWD  and  aggregates-associated TOC  showed 
that  there was  a  non-significant  positive  correlation  between MWD and  both 
large and small macro-aggregates (Figs. 4a and b). However, micro-aggregate 







Our  study  showed  that  application  of  biochar  either  singly  or  in  combi-
nation with straw increased soil aggregate stability. Poultry manure and straw 





[1]  Abdelhafez, A., Li, J., Abbas, M.H.H., 2014. Feasibility of biochar manufactured from or-
ganic wastes on the stabilization of heavy metals in a metal smelter contaminated soil. Che-
mosphere, 117: 66–71. 
[2]  An, T., Schaeffer, S., Zhuang, J., Radosevich, M., Li, S., Li, H., Pei, J., Wang, J., 2015. Dy-
namics and distribution of 13C-labeled straw carbon by microorganisms as affected by soil 
fertility levels in the Black Soil region of Northeast China. Biology and Fertility of Soils, 51: 
605–613.
[3]  Biederman,  L.A., Harpole, W.S.,  2013. Biochar and its effects on plant productivity and 
nutrient cycling: A meta-analysis. Global Change Biology. Bioenergy, 5(2): 202–214. 
[4]  Blanco-Canqui, H., Francis, C.A., Galusha, T.D., 2017. Does organic farming accumulate 
carbon in deeper soil profiles in the long term? Geoderma, 288: 213–221.
[5]  Chaudhary, V., Bowker, M., O’Dell, T., Grace, J., Redman, A., Rillig, M., Johnson, N., 2009. 
Untangling the biological contributions to soil stability in semiarid shrublands. Ecological 
Applications, 19: 110–122.
[6]  Cheng, M., Xiang, Y., Xue, Z.J., An, S.S., Darboux, F., 2015. Soil aggregation and intra-ag-
gregate carbon fractions in relation to vegetation succession on the Loess Plateau, China. 
Catena, 124: 77–84.
[7]  Chenu, C., 1989. Influence of a fungal polysaccharide scleroglucan, on clay microstructures. 
Soil Biology and Biochemistry, 21: 299–305.
[8]  Christensen, B.T., 2001. Physical fractionation of soil and structural and functional com-
plexity in organic matter turnover. European Journal of Soil Science, 52: 345–353.
[9]  Demisie, W., Liu, Z., Zhang, M., 2014. Effect of biochar on carbon fractions and enzyme 
activity of red soil. Catena, 121: 214–221.
[10]  Domingo-Olive, F., Bosch-Serra, A.D., Yague, M.R., Poch, R.M., Boixadera, J., 2016. Long 
term application of dairy cattle manure and pig slurry to winter cereals improve soil quality. 
Nutrient Cycling in Agroecosystems, 104: 39–51.
[11]  Duchicela, J., Vogelsang, K., Schultz, P., Kaonongbua, W., Middleton, E., Bever, J., 2012. 
Non-native plants and soil microbes: Potential contributors to the consistent reduction in soil 
53SOIL AGGREGATE SIZE DISTRIBUTION AND TOTAL ORGANIC CARBON…
aggregate stability caused by the disturbance of North American grasslands. New Phytolo-
gist, 196: 212–222.
[12]  Duchicela,  J., Sullivan, T., Bontti, E., Bever,  J., 2013. Soil aggregate stability increase is 
strongly related to fungal community succession along an abandoned agricultural field 
chronosequence in the Bolivian Altiplano. Journal of Applied Ecology, 50: 1266–1273.
[13]  Elliott, E.T., 1986. Aggregate structure and carbon, nitrogen, and phosphorus in native and 
cultivated soils. Soil Science Society of America Journal, 50: 627–633.
[14]  Enders, A., Hanley, K., Whitman, T.,  Joseph,  S., Lehmann,  J.,  2012. Characterization of 
biochars to evaluate recalcitrance and agronomic performance. Bioresource Technology, 
114: 644–653. 
[15]  Gentile, R., Vanlauwe, B., Kavoo, A., Chivenge, P., Six, J., 2010. Residue quality and N ferti-
lizer do not influence aggregate stabilization of C and N in two tropical soils with contrasting 
texture. Nutrient Cycling Agroecosystems, 88: 121–131.
[16]  Gioacchini, P., Cattaneo, F., Barbanti, L., Montecchio, D., Ciavatta, C., Marzadori, C., 2016. 
Carbon sequestration and distribution in soil aggregate fractions under Miscanthus and 
giant reed in the Mediterranean area. Soil and Tillage Research, 163: 235–242.
[17]  Guan, S., Dou, S., Chen, G., Wang, G., Zhuang, J., 2015. Isotopic characterization of seques-
tration and transformation of plant residue carbon in relation to soil aggregation dynamics. 
Applied Soil Ecology, 96: 18–24.
[18]  Guggenberger, G., Zech, W., Haumaie, L., Christensen, B.T., 1995. Land-use effects on the 
composition of organic matter in particle size separates of soils: II. CPMAS and solution 13C 
NMR analysis. European Journal of Soil Science, 46: 147–158.
[19]  Hao, X., Yang, C., Yuan, Y., Han, X., Li, L.,  Jiang, H., 2013. Effects of continuous straw 
returning on organic carbon content in aggregates and fertility of black soil. Chinese Agri-
culture Science Bulletin, 29(35): 263–269.
[20]  Hartley, W., Riby, P., Waterson, J., 2016. Effects of three different biochars on aggregate sta-
bility, organic carbon motility and micronutrient bioavailability. Journal of Environmental 
Management, 181: 770–778.
[21]  Helfrich, M., Ludwig, B., Potthoff, M., Flessa, H., 2008. Effect of litter quality and soil fungi 
on macroaggregate dynamics and associated partitioning of litter carbon and nitrogen. Soil 
Biology and Biochemistry, 40: 1823–1835.
[22]  Jien, S.H., Wang, C.S., 2013. Effects of biochar on soil properties and erosion potential in 
a highly weathered soil. Catena, 110: 225–233.
[23]  Kinsbursky, R.S., Levanon, D., Yaron, B., 1989. Role of fungi in stabilizing aggregates of 
sewage sludge amended soils. Soil Science Society of America Journal, 53: 1086–1091.
[24]  Le Guillou, C., Angers, D.A., Maron, P.A., Leterme, P., Menasseri-Aubry, S., 2012. Linking 
microbial community to soil water-stable aggregation during crop residue decomposition. 
Soil Biology and Biochemistry, 50: 126–133.
[25]  Lehmann, J., Joseph, S., 2009. Biochar for environmental management: an introduction. In: 
J. Lehmann, S. Joseph (eds.), Biochar for Environmental Management-Science and Technol-
ogy. Earthscan, Sterling, VA. pp. 1–12.
[26]  Lehmann, J., Rillig, M.C., Thies, J., Masiello, C.A., Hockaday, W.C., 2011. Biochar effects 
on soil biota – a review. Soil Biology and Biochemistry, 43: 1812–1836.
[27]  Liu, Z., Chen, X., Jing, Y., Li, Q., Zhang, J., Huang, Q., 2014. Effects of biochar amendment 
on rapeseed and sweet potato yields and water stable aggregate in upland red soil. Catena, 
123: 45–51. 
[28]  Ma, N., Zhang, L., Zhang, Y., Yang, L., Yu, C., Yin, G., et al., 2016. Biochar improves soil 
aggregate stability and water availability in a Mollisol after three years of field application. 
PLoS ONE, 11(5): e0154091.
[29]  Nimmo, J.R., 2004. Aggregation. Physical aspects. In: D. Hillel (ed.), Encyclopedia of Soils 
in the Environment. Academic Press, London.
54 G.O. ODUGBENRO et al.
[30]  Nyamangara, J., Gotosa, J., Mpofu, S.E., 2001. Cattle manure effects on structural stability 
and water retention capacity of a granitic sandy soil in Zimbabwe. Soil and Tillage Research, 
62: 157–162.
[31]  Obia, A., Mulder,  J., Martinsen, V., Cornelissen, G., Børresen, T.,  2016.  In situ effects of 
biochar on aggregation, water retention and porosity in light-textured tropical soils. Soil and 
Tillage Research, 155: 35–44.
[32]  Odugbenro, G.O., Liu, Z., Sun, Y., 2019. Dynamics of C and N in a clay loam soil amended 
with biochar and corn straw. Indian Journal of Agricultural Research, 53(6): 675–680.
[33]  Papadopoulos, A., Bird, N.R.A., Whitmore, A.P., Mooney, S.J., 2009. Investigating the ef-
fects of organic and conventional management on soil aggregate stability using X-ray com-
puted tomography. European Journal of Soil Science, 60(3): 360–368.
[34]  Poirier, V., Angers, D.A., Whalen, J.K., 2014. Formation of millimetric-scale aggregates and 
associated retention of 13C – 15N-labelled residues are greater in subsoil than topsoil. Soil 
Biology and Biochemistry, 75: 45–53.
[35]  Portella, C., Guimarães, M., Feller, C., Batista Fonseca, I., Tavares Filho, J., 2012. Soil ag-
gregation under different management systems. Revista Brasileira de Ciência do Solo, 36: 
1868–1877 (in Portuguese, with an abstract in English).
[36]  Qian, K., Kumar, A., Zhang, H., Bellmer, D., Huhnke, R., 2015. Recent advances in utiliza-
tion of biochar. Renewable and Sustainable Energy Reviews, 42: 1055–1064. 
[37]  Regelink, I.C., Stoof, C.R., Roueeeva, S., Weng, L.P., Lair, G.J., Kram, P., Comans, R.N.J., 
et al., 2015. Linkages between aggregate formation, porosity and soil chemical properties. 
Geoderma, 247–248: 24–37.
[38]  Six, J., Elliott, E.T., Paustian, K., 2000. Soil structure and soil organic matter: II: A normal-
ized stability index and the effect of mineralogy. Soil Science Society of America Journal, 64: 
1042–1049.
[39]  Six, J., Bossuyt, H., Degryze, S., Denef, K., 2004. A history of research on the link between 
(micro) aggregates, soil biota, and soil organic matter dynamics. Soil and Tillage Research, 
79: 7–31.
[40]  Sun, F, Lu, S., 2013. Biochars improve aggregate stability, water retention, and porespace 
properties of clayey soil. Journal of Plant Nutrition and Soil Science, 177: 26–33. 
[41]  Tisdall, J.M., Oades, J.M., 1982. Organic matter and water stable aggregates in soils. Jour-
nal of Soil Science, 33: 141–163.
[42]  USDA Natural Resources Conservation Service, 1999. Soil taxonomy: A basic system of soil 
classification for making and interpreting soil surveys. Agriculture Handbook, No. 436.
[43]  USDA Natural Resources Conservation Service, 2008. Soil Quality Indicators: Aggregate 
Stability.
[44]  Vance, E.D., Brookes, P.C., Jenkinson, D.S., 1987. An extraction method for measuring soil 
microbial biomass C. Soil Biology and Biochemistry, 19: 703–707.
[45]  Verchot, L.V., Dutaur, L., Shepherd, K.D., Albrecht, A., 2011. Organic matter stabilization 
in soil aggregates: understanding the biogeochemical mechanisms that determine the fate of 
carbon inputs in soils. Geoderma, 161: 182–193. 
[46]  Zhang, Q-z., Dijkstra, F.A., Liu, X-r., Wang, Y-d., Huang,  J., 2014. Effects of biochar on 
soil microbial biomass after four years of consecutive application in the North China Plain. 
PLoS ONE, 9(7): e102062. 
[47]  Zhang, Q., Du, Z., Lou, Y., He, X., 2015. A one-year short-term biochar application im-
proved carbon accumulation in large macro-aggregate fractions. Catena, 127: 26–31.
